tion from an anoxic to oxic surface Earth, and correspondingly, from anaerobic to aerobic metabolisms.
CO 2 (Kah & Riding, 2007; Sheldon, 2013) , which would require >100 ppmv methane (CH 4 ) to maintain globally ice-free conditions (Fiorella & Sheldon, 2017) . However, efficient coupling of anaerobic CH 4 oxidation and sulfate reduction in Mesoproterozoic oceans likely capped CH 4 at ~10 ppmv ,
suggesting that another gas might have been required to help fill the Mesoproterozoic greenhouse deficit along with CH 4 fluxes from terrestrial settings (Zhao, Reinhard, and Planavsky (2017) .
A third greenhouse gas, nitrous oxide (N 2 O), may have contributed to maintaining an ice-free Mesoproterozoic Earth (Buick, 2007; Roberson, Roadt, Halevy, & Kasting, 2011) . Due to low chemical reactivity of N 2 O at Earth's surface, the ultimate sink for N 2 O is stratospheric photolysis (Kaiser, Röckmann, Brenninkmeijer, & Crutzen, 2003) , which is faster in the absence of ozone (O 3 ) generated from O 2 (Roberson et al., 2011) .
Thus, if N 2 O production was sufficiently high, the longer atmospheric lifetime of N 2 O after ~2.4 Ga may have made it a larger player in the Mesoproterozoic greenhouse (Roberson et al., 2011 ).
| Enzymatic N 2 O sources and sinks: evolution and metal requirements
Microbial enzymes can produce and consume N 2 O (Glass & Orphan, 2012; Stein, 2011; Stein & Yung, 2003; Zhu-Barker, Cavazos, Ostrom, Horwath, & Glass, 2015) using iron and copper metallocofactors, respectively. The biological nitrogen cycle (e.g., nitrogen fixation, nitrification and denitrification) had likely evolved by the late Archean or early Proterozoic (Boyd & Peters, 2013; Boyd et al., 2011; Canfield, Glazer, & Falkowski, 2010a; Fennel, Follows, & Falkowski, 2005; Garvin, Buick, Anbar, Arnold, & Kaufman, 2009; Godfrey & Falkowski, 2009; Jones, Stres, Rosenquist, & Hallin, 2008; Klotz & Stein, 2008; Moore, Jelen, Giovannelli, Raanan, & Falkowski, 2017; Stüeken, Buick, Guy, & Koehler, 2015; Zerkle et al., 2017; Zumft & Kroneck, 2006) . A depiction of the Mesoproterozoic nitrogen cycle is shown in Figure 1 . It is possible that abiotic processes generated (Laneuville, Kameya, & Cleaves, 2018) . While Fe 2+ was likely plentiful in low-O 2 Mesoproterozoic oceans (Poulton & Canfield, 2011) , scarcity of other bioessential metals might have exerted important controls on the Proterozoic nitrogen cycle (Anbar & Knoll, 2002; Glass, Wolfe-Simon, & Anbar, 2009; Godfrey & Falkowski, 2009; Reinhard et al., 2013; Saito, Sigman, & Morel, 2003) . Buick (2007) posited that Proterozoic oceans had low dissolved Cu due to the low solubility of Cu sulfides (Emerson, Jacobs, & Tebo, 1983; Jacobs, Emerson, & Skei, 1985; Kremling, 1983; Morse & Luther, 1999) and that Cu limitation may have limited activity of the last enzyme in denitrification, nitrous oxide reductase (NOS), which requires Cu as a cofactor for N 2 O reduction to N 2 . Accumulation of N 2 O under Cu limitation occurs in denitrifying bacterial isolates (Granger & Ward, 2003) , but not in natural waters (Twining, Mylon, & Benoit, 2007; Ward et al., 2008) . Further, recent data suggest that marine Cu concentrations likely remained relatively stable throughout Earth history (Fru et al., 2016) (Boyd & Peters, 2013; Stüeken et al., 2015) and ammonification. Green arrows indicate nitrification (Caranto & Lancaster, 2017; Klotz & Stein, 2008; Kozlowski et al., 2016) . Orange arrows indicate denitrification (Garvin et al., 2009; Jones et al., 2008; Stolz & Basu, 2002) with the "?" representing copper limitation of the last step (N 2 O reduction to N 2 ) as proposed by Buick (2007) . Dark blue arrows indicate anammox (Klotz & Stein, 2008 Grabb, Hansel, & Wankel, 2016; Wankel et al., 2017) and hypersaline lake waters (Ostrom, Gandhi, Trubl, & Murray, 2016; Samarkin et al., 2010 (Onley, Ahsan, Sanford, & Löffler, 2018) . We posit that (Caranto & Lancaster, 2017; Kozlowski, Stieglmeier, Schleper, Klotz, & Stein, 2016; Ye, Averill, & Tiedje, 1994) , and accumulate in environments where these pathways do not go to completion (Schreiber, Wunderlin, Udert, & Wells, 2012) . Nitric oxide can also form during lightning strikes, although this source has likely not been significant since the Archean (NavarroGonzalez, Mckay, & Mvondo, 2001 ). As NO is very reactive, its concentrations in environmental settings are highly variable, and can be elevated in zones of rapid N-cycling (Schreiber et al., 2012; Ward & Zafiriou, 1988) . We chose to focus on NO because it is a central reactive intermediate in the nitrogen cycle (Figure 1 ), and because a thorough treatment of the kinetics and isotope fractionation of chemodenitrification via NO − 2 and Fe 2+ has recently been presented (Jones, Peters, Lezama Pacheco, Casciotti, & Fendorf, 2015) .
In this study, we characterized the reaction kinetics and isotope , and to explore potential implications for the evolution of aerobic respiration.
| E XPERIMENTS AND MODEL S

| Experimental design
All glassware was acid-washed in 1.2 N HCl for >12 hr to remove contamination. All experiments were performed at room temperature in an anoxic chamber with 97% N 2 and 3% H 2 atmosphere (Coy Laboratory Products, Grass Lake, MI). Stock solutions of FeSO 4 ·7H 2 O, NaNO 3 , and NaNO 2 were prepared in ultrapure water, sparged with N 2 for ≥10 min, and equilibrated in the anoxic chamber prior to use. Glass serum bottles (38-ml) were filled with 20 ml anoxic (N 2 -sparged for ≥1 hr) synthetic ocean water composed of the basal media "Aquil" (Price et al., 1988) . The synthetic seawater was pH 7.8 (see justification below) and contained 
| Gas chromatography
Samples (1 ml) were removed from each septum vial by syringe and injected into a gas chromatograph with a HayeSep N column and a 63 Ni electron capture detector for N 2 O detection (GC-ECD, SRI). A 1-ppm N 2 O standard (Scotty) was used for GC-ECD calibration. Peak area was used to quantify nmols of N 2 O injected, which was then converted to nmols of N 2 O in the original bottle headspace.
| Isotope ratio measurements
Experiments to measure the isotopic composition of N 2 O pro- 
| Atmospheric modeling
| RE SULTS AND D ISCUSS I ON
| Chemodenitrification kinetics
We base our rate law for chemodenitrification on the following equation: Ocean pH has likely increased throughout Earth history due to declining atmospheric CO 2 , from pH ~6.5-7 in the Archean to pH 7.5-9 in the Phanerozoic (Halevy & Bachan, 2017; KrissansenTotton, Arney, & Catling, 2018) . For simplicity, we assume in our calculations that the pH of the Proterozoic was the same as in our experiments (7.8), although it is important to note that Proterozoic marine pH was likely below this (Halevy & Bachan, 2017; KrissansenTotton et al., 2018 Moraghan & Buresh, 1977; Nelson & Bremner, 1970; Onley et al., 2018) . While the slightly lower pH of Proterozoic seawater may have slightly slowed N 2 O production, the presence of Fe minerals (e.g., ferrihydrite, siderite, green rust) would have stimulated N 2 O production. Thus, the empirical rate law is a best approximation under the current experimental conditions. ] (squares), in M) on the initial rate (rate 0 ) of N 2 O production (in Ms −1 ). The log/log plot yields lines with slopes equal to the order of reaction for each reactant (in bold in the equations next to each line). The sample color scheme is the same as in Figure 2 hours, suggesting equilibrium fractionation (Supporting information Figure S2 ). In contrast, δ 18 O displayed kinetic fractionation ( (Jones et al., 2015) and significantly greater than the −5.9‰ S P for microbial NO reduction to N 2 O by bacterial nitric oxide reductase (Yamazaki et al., 2014) .
| Isotopic site preference of chemodenitrification
| Oxygen minimum zones as Mesoproterozoic analogs
Other than their lower Fe 2+ and higher SO (Babbin et al., 2015; Freing et al., 2012; Ward & Zafiriou, 1988) suggests the environmental relevance of these two nitrogenous intermediates in low-O 2 Proterozoic oceans after the evolution of a near-modern enzymatic nitrogen cycle by the Neoarchean (Busigny, Lebeau, Ader, Krapež, & Bekker, 2013; Garvin et al., 2009; Godfrey & Falkowski, 2009; Stüeken, Kipp, Koehler, & Buick, 2016) .
Using our empirical rate law, we calculated the N 2 O production rates that would be possible from chemodenitrification in modern Earth oxyclines. With 10-100 pM NO (Ward & Zafiriou, 1988) 
TA B L E 1
| Mesoproterozoic N 2 O production from chemodenitrification
To determine the effect of higher Fe 2+ on chemodenitrification in Mesoproterozoic oxyclines, we modeled N 2 O production rates at Fe 2+ concentrations of up to 10 mM-near the predicted upper limit for Proterozoic oceans (Derry, 2015) . We varied NO concentrations from 10 pM, the lower range in modern OMZ oxyclines (Ward & Zafiriou, 1988) , to 500 nM, the maximum concentration measured in modern sediments (Schreiber, Polerecky, & De Beer, 2008; Schreiber, Stief, Kuypers, & De Beer, 2014) . Our rate law suggests that 1-5 nM N 2 O day −1 production rates would be possible in modern oxyclines with >1 nM NO and >10 μM Fe 2+ (Babbin et al., 2015) via solely abiotic reactions (Figure 4 ). In contrast, at the maximum concentrations tested (500 nM NO and 10 mM Fe 
| Fate of N 2 O: biotic vs. abiotic
The fate of N 2 O depends on the balance between its production from NO reduction and its consumption via reduction to N 2 (Stein & Yung, 2003) . The former process, NO reduction to N 2 O, can be either biotic or abiotic, whereas the latter, N 2 O reduction to N 2 , is primarily a biological process, catalyzed by the enzyme NOS. Thus, N 2 is typically the primary product of biological denitrification (Schlesinger, 2009; Seitzinger, 1988; Senbayram, Chen, Budai, Bakken, & Dittert, 2012) , and N 2 O is the primary product of chemodenitrification (Moraghan & Buresh, 1977; Ostrom et al., 2016) . For simplicity, we explored the climatic and biological repercussions, respectively, of the two-endmember scenarios for the fate of Mesoproterozoic N 2 O-that is (i) all N 2 O was emitted to the atmosphere and (ii) all N 2 O was biologically reduced to N 2 , bearing in mind that the reality likely sits between these two extremes. (e.g., Canfield, 1998; Reinhard et al., 2013; Scott et al., 2008) .
| Endmember 1: 100% (chemo)denitrification
We integrated N 2 O production rates over the 3.6 × 10 15 m 3 , or 3.6 × 10 18 L, oxycline volume. As an upper endmember for N input to the marine reservoir, we used the modern N 2 fixation rates, ~180 Tg N year −1 (Großkopf et al., 2012) , noting that Mesoproterozoic N 2 fixation may have been lower due to phosphorus limitation (Laakso & Schrag, 2018; Michiels et al., 2017; Reinhard, Planavsky, Olson, Lyons, & Erwin, 2016) . Our empirical rate law suggests that steady-state chemodenitrification rates of atmospheric flux from oceans in this study, it is quite possible that lakes contributed to additional chemodenitrification flux, as presumably any aquatic nitrogen could be chemodenitrified; indeed, chemodenitrification still occurs in some modern freshwaters (Zhu-Barker et al., 2015) .
| Effect of atmospheric O 2 on N 2 O and O 3
Atmospheric pO 2 levels during the Mesoproterozoic are stridently debated. Techniques centered on Fe and Mn mobility in terrestrial weathering environments indicate low atmospheric pO 2 on the order of ~0.001-0.01 PAL or lower Crowe et al., 2013; Planavsky et al., 2014; Zbinden, Holland, Feakes, & Dobos, 1988) , while others have been interpreted to reflect higher pO 2 (Blamey et al., 2016; Gilleaudeau et al., 2016; Zhang et al., 2016) .
All of these approaches have been met with controversy (Daines, Mills, & Lenton, 2017; Diamond, Planavsky, Wang, & Lyons, 2018; Planavsky et al., 2016; Yeung, 2017) , and it is beyond our scope here to fully evaluate the likelihood of any given atmospheric pO 2 reconstruction. Rather, we determined the photochemical impact of O 2 on atmospheric N 2 O levels across an inclusive range of atmospheric pO 2 values.
We used a 1D photochemical model to determine the relation- 
| Greenhouse warming
Climate calculations for Proterozoic greenhouse warming as a function of atmospheric N 2 O are presented in Roberson et al. (2011) . We and CH 4 absorption bands would reduce this to ~3.5 W m −2 at 100 ppmv CH 4 and 10,000 ppmv CO 2 (Byrne & Goldblatt, 2014) . It is also possible that climate controls besides greenhouse gases, such as oceanic heat transfer, contributed to an equable Mesoproterozoic climate (Fiorella & Sheldon, 2017) .
In summary, we found that at >0. 
| CON CLUS IONS
Nitrous oxide is a potent greenhouse gas compared to CH 4 and CO 2 , both of which have been long-favored contenders for a Proterozoic greenhouse. Our results suggest that chemodenitrification could have been an important N 2 O production pathway in the oxyclines of ferruginous Proterozoic oceans, and possibly also in terrestrial aquatic systems. Because it is difficult to assess the ultimate fate of Proterozoic N 2 O, we considered the climatic and biological repercussions of two-endmember scenarios.
In the first, chemodenitrification was the dominant pathway for Mesoproterozoic gaseous N loss. If N 2 fixation rates were nearmodern, the resulting low-ppmv N 2 O could have played a more important role in sustaining temperatures above the freezing point in the presence of concentrations of CH 4 and CO 2 that may have been lower than those previously predicted (Kah & Riding, 2007; Olson et al., 2016; Sheldon, 2013) . Moreover, lower F I G U R E 7 Schematic of the evolutionary "bricolage" of ancestral nitric oxide reductase (NOR) and nitrous oxide reductase (NOS), in anaerobic respiration to create cytochrome c oxidase (COX) for aerobic respiration, after Saraste and Castresana (1994) . Yellow designates the origin of the Cox-I protein subunit, including the Cu B site, from the NOR catalytic protein subunit (NorB). Orange designates the origin of Cox-II from the Cu A -containing portion of the NOS catalytic subunit (NosZ). "Inner" and "outer" designates sides of the membrane for NOR and COX membrane proteins [Colour figure can be viewed at wileyonlinelibrary.com]
